Despite the considerable research that has focused on the evolutionary relationships and biogeography of the genus Bufo, an evolutionary synthesis of the entire group has not yet emerged. In the present study, almost 4 kb of DNA sequence data from mitochondrial (12S, tRNA Val , and 16S) and nuclear (POMC; Rag-1) genes, and 83 characters from morphology were analysed to infer a phylogeny of South American toads. Phylogenies were reconstructed with parsimony and maximum likelihood and Bayesian model-based methods.
INTRODUCTION
Bufonidae, commonly known as the true toads, is a family of neobatrachian frogs composed of approximately 471 species in 33 genera (AmphibiaWeb: http://amphibiaweb.org). Synapomorphies of Bufonidae include the presence of a Bidder's organ (rudimentary ovaries present in males; absent in some Dendrophryniscus ), parotoid glands (Ford & Cannatella, 1993) , and an edentate maxilla and premaxilla. Bufonidae is nearly cosmopolitan in distribution, occurring in all areas except the Australo-Papuan Realm (excluding Sulawesi), Madagascar, and the Arctic and Antarctic (Duellman & Sweet, 1999) . The geographical distribution of the ∼ 258 species in Bufo (AmphibiaWeb) is broader than that of any other amphibian genus and is one of the largest distributions of all vertebrate genera. At this time, there are no synapomorphies to define Bufo and several investigators (e.g. Graybeal & Cannatella, 1995; Graybeal, 1997) have questioned the monophyly of the genus. Among amphibians, the relationships of the genus Bufo are especially poorly understood, as their morphological and ecological conservatism has challenged systematists attempting to resolve their relationships.
Some aspects of the biology and systematics of Bufo have been studied in depth (e.g. Blair, 1972a, b; Martin, 1972a, b; Graybeal, 1997; Cunningham & Cherry, 2000 Pauly, Hillis & Cannatella, 2004) , but an evolutionary synthesis of the entire genus has not emerged. Most prior attempts to infer the phylogeny of true toads were primarily phenetic, based on morphology (Tihen, 1960 (Tihen, , 1962a McDiarmid, 1971; Inger, 1972; Martin, 1972a, b; Grandison, 1981) , experimental hybridization (Blair, 1963 (Blair, , 1966 (Blair, , 1972a , and chromosomes (Bogart, 1972) . Immunological studies by Cardellini et al . (1984) , Maxson (1981a Maxson ( , b, 1984 , and Maxson, Song & Lopatra (1981) were limited by modest taxon sampling, whereas some of the more recent and comprehensive studies based on the analysis of DNA sequences (Graybeal, 1993 (Graybeal, , 1997 yielded conflicting topologies with poor branch support.
Despite considerable earlier work on phylogenetic relationships of bufonid frogs, there is little consensus about the relationships of South American Bufo beyond the composition of some species groups. For this study, nuclear and mitochondrial DNA (mtDNA) sequence data were combined and analysed with morphological data to infer the evolutionary history of South American toads in three discrete steps:
(1) Molecular markers and morphological characters were used to infer interspecific phylogenetic relationships of South American Bufo. (2) The recovered morphological and combined phylogenies were used to address morphological character evolution within South American species. (3) The biogeographical history of South American Bufo was inferred by comparing resulting phylogenetic topologies with previously proposed biogeographical hypotheses.
From a body of multidisciplinary evidence spanning chromosomal, acoustical, morphological, and fossil data, Blair (1972b) hypothesized that toads of the genus Bufo included 'narrow-skulled' and 'broad-skulled' lineages, which he suggested resulted from an early evolutionary dichotomy in the genus. Blair (1972a, b) defined 'narrow-' vs. 'broad-skulled' groups based on the sizes of the frontoparietals; however, assignment to either the 'broad' or 'narrow' lineage was based on a synthesis of multiple types of data (e.g. chromosomes and call morphology). Therefore, a narrow-skulled taxon might have been placed in the broad-skulled lineage (e.g. B. terrestris ); conversely, a broad-skulled toad might be assigned to the narrow-skulled lineage (e.g. B. alvarius ). The work of Blair (1972a, b) and his coauthors on the evolution of Bufo is the most comprehensive to date, but it is based on a synthesis of overall similarity and offers conflicting interpretations of the evolution and biogeography of the genus.
Graybeal (1997) inferred a higher-level phylogeny of Bufonidae based on an analysis of molecular (cytochrome b, 12S, 16S, and c-mos) and morphological data. She had mixed success using mitochondrial protein coding and ribosomal genes to investigate bufonid relationships. In the same paper, she performed a 'total evidence' analysis ( sensu Kluge, 1989) by adding 73 morphological characters derived from the literature and from an examination of specimens. The results of her total evidence analysis suggested that the genus Bufo is not monophyletic. In addition, Graybeal (1997) identified several clades within Bufonidae (e.g. the North American B. boreas group); however, the necessarily large scale of her analysis was such that tests of monophyly of all species groups within the family were not possible. Representation of South American Bufo in Graybeal's (1997) analysis was limited to nine species and they were not recovered as monophyletic (Graybeal, 1997: fig. 13 ). Overall, Graybeal's (1997) results suggest that there is little correlation between geographical area and phylogenetic relationships, which is contrary to the findings of other studies (Maxson, 1984; Pauly et al. , 2004) . Unfortunately, even though Graybeal's study included the greatest taxonomic sampling yet to investigate relationships within Bufonidae, recent studies have revealed that many of her 16S sequences are of questionable quality (Harris, 2001; Pauly et al. , 2004) , which might explain the conflicting topologies presented in her paper.
Within the past decade, several researchers have investigated the relationships within selected species groups of Bufo . Among the more recent morphological and/or molecular-based studies are the following: Goebel (1996) on the systematics of the B. boreas group of North America; Cordova (1999) , Di Tada, Martino & Sinsch (2001) and Morrison (1994) on the B. spinulosus group of South America; Hass et al . (1995) on the ' B. margaritifera ' ( = margaritifer ) group of South America; Macey et al . (1998) on the B. bufo group of Asia; Masta et al . (2002) on the B. americanus group of North America; Mendelson (1997a) and Mulcahy & Mendelson (2000) on the B. valliceps group of North and Central America; Pauly et al. (2004) on the relationships of Nearctic Bufo ; Pramuk, Hass & Hedges (2001) and Pramuk (2002) on the B. peltocephalus group of the West Indies; Wanzhao et al . (2000) on East Asian Bufo and Cunningham & Cherry (2000 on African Bufo . However, none of these focused specifically on the evolution of multiple species groups within the South American radiation.
The large size of the genus Bufo has necessitated the grouping of morphologically similar taxa into species groups. These groupings are convenient for systematists to organize the vast diversity of the genus. It has been 14 years since Duellman & Schulte (1992) defined eight phenetic species groups within South America and provided a diagnosis for each; little has changed regarding the content and characteristics defining these assemblages, although since then, quite a few new species have been described. A summary of the content and general geographical distribution of each South American species group is provided in Table 1 . Fortunately, several investigators (e.g. F. Baldissera, M. Hoogmoed, P. Narvaes, & C. Vélez-R.) in South America are working on the alpha taxonomy of several of the more widespread and intractable species groups (e.g. the B. granulosus and B. margaritifer groups); undoubtedly, their contents and diagnoses will change following the findings of these authors.
Until now, the monophyly of South American species groups has not been tested in a phylogenetic framework. In this study, molecular and morphological data were analysed to examine the phylogenetic relationships within and among the South American species groups and the biogeographical history of Bufo. The morphological analyses were also used to examine diagnostic characters for each species group and the evolution of cranial characters in the genus.
MATERIAL AND METHODS

TAXON SAMPLING
In this study, ingroup taxa were selected to cover all proposed lineages or species groups within South America. In total, sequences from 89 specimens representing 74 species were collected, including data for 66 Bufo, four non-Bufo bufonids, and four outgroup taxa. Taxon sampling spanned 36 South American species (representing ∼60% of the diversity in South America), in addition to 35 individuals from North America, Eurasia, and Africa. The selection of outgroups necessitated the consideration of recent studies of hyloid (Darst & Cannatella, 2004; Wiens et al., 2005b) and bufonid (Graybeal, 1997; Pauly et al., 2004) relationships. For the molecular and combined analyses, hyloid outgroups were selected based on their position relative to Bufo in the earlier studies and included Leptodactylus, Ceratophrys, Eleutherodactylus, Hyla, and the bufonid Melanophryniscus, which has been shown recently to be basal within Bufonidae (Darst & Cannatella, 2004; Wiens et al., 2005b) . The taxa included in the morphological data set differed from those utilized in the molecular analysis because tissue samples or osteological prepara- (Girard, 1854) Gulf Coast of US to C Veracruz, Mexico B. spiculatus Mendelson, 1997b Oaxaca, Mexico B. tutelarius Mendelson, 1997c Chiapas 
MORPHOLOGICAL DATA AND ANALYSIS
In this analysis, characters of cranial and axial osteology described by previous authors (Lynch, 1971; Martin, 1972a, b; Pregill, 1981; Cannatella, 1985; Morrison, 1994; Mendelson, 1997a; Pramuk, 2000 Pramuk, , 2002 were examined; these characters were combined with additional transformation series that were discovered upon examination of the specimens. In addition to osteological characters, soft anatomical and integumentary characters (e.g. morphology of parotoid glands) were included in the analysis. One character relating to inguinal fat bodies was coded from the literature (Da Silva & Mendelson, 1999) . The specimens used in this study were dried skeletons, cleared and stained, and whole alcoholpreserved specimens in The University of Kansas Natural History Museum and Biodiversity Research Center Herpetological Collections (KU). In addition, specimens were loaned from a variety of institutions (see Appendix 1). Some specimens were cleared and stained by the author using the protocol of Taylor & Van Dyke (1985) , whereas others were skeletonized by hand or with the assistance of dermestid beetle larvae. Morphological observations and illustrations were made with a stereo dissection microscope equipped with a camera lucida. The dorsal, ventral, and lateral views of the skulls of one or more representatives of each species group were drawn to illustrate the osteological cranial characters described herein.
The complete data matrix containing all morphological character states is presented in Table 2 . Except where noted, transformation series used in this analysis were scored directly from specimens. In cases of an unknown character state (e.g. when a damaged specimen was lacking a particular element) or logical inconsistency (e.g. the state of the prenasal bones in species lacking these elements), the characters were coded as unknown. Many specimens were skeletonized or cleared and stained for this project. Multiple specimens were examined for each character when possible; however, the rarity of skeletonized or cleared and stained material for many taxa (e.g. B. humboldti) precluded this.
Morphological transformation series were coded as binary and multistate characters and were analysed with parsimony and Bayesian methods. Whether or not to order multistate characters in an analysis is controversial at best (Mickevich, 1982; Mabee, 1989; Mickevich & Weller, 1990; Hauser & Presch, 1991; Slowinski, 1993; Wiens, 2001) . Therefore, in an attempt to investigate the effect of character ordering on the resulting topologies, data were analysed with unordered as well as with ordered multistate characters for which there is variation along an axis (characters 2, 6, 15, 26, 34, 37, 39, 48, 50, 52, 55, 56, and 62) . The program MACCLADE (Maddison & Maddison, 1992 ) was used to enter, edit, and manipulate the morphological data. Parsimony analyses were performed using PAUP* (ver. 4.0b10; Swofford, 2000) . A heuristic search was performed with tree-bisection-reconnection (TBR) branch swapping, with 100 random taxon addition replicates, saving all minimum trees at each replicate. No limit was imposed on the maximum number of trees to be saved, and PAUP* was instructed to increase automatically the maximum by 100 if/ when the default value of 100 trees was reached. Summary values (e.g. tree length, consistency index) were reported by PAUP*. Nonparametric bootstrapping (Felsenstein, 1985) with 200 bootstrap pseudoreplicates and ten random taxon addition sequence replicates was performed to determine support for individual branches.
A Bayesian analysis of morphological data was performed with MRBAYES (ver. 3.0b4; Huelsenbeck & Ronquist, 2001 ) and employed the maximum likelihood (ML) model for morphological character data (Markov k or Mk) of Lewis (2001) . To find the bestfitting model for the morphological data, a preliminary analysis was run of two likelihood models for morphological character evolution, one that assumes equal rates of change among characters (Mk) and one that uses the gamma distribution to incorporate unequal rates among characters (Mk + G). Each initial analysis was run for 4.0 × 10 6 generations. Harmonic means resulting from the two analyses were compared using the Bayes factor (following Nylander et al., 2004; Wiens, Bonett & Chippindale, 2005) . The Bayes factor (B 10 ) is calculated as the difference of the two harmonic means of the log likelihoods, multiplied by two (Kass & Rafferty, 1995; Nylander et al., 2004; Wiens et al., 2005a) . The Bayes factor strongly favoured the Mk model (mean likelihood = −2113.96) over the Mk + G model (mean likelihood = −2131.39) with B 10 = 34.86 (a Bayes factor = 10 is considered strongly favoured). After selection of the best-fitting model, two replicate analyses of the morphological data were performed with MRBAYES using 20 × 10 6 generations each, with four chains and default priors, the temperature set at 0.4 and trees sampled every 1000 generations. The two replicate analyses converged on very similar topologies and branch support. Nodes with Bayesian posterior probabilities (bpp) of 0.95 or Table 2 . Continued greater were considered well supported (Alfaro, Zoller & Lutzoni, 2003) .
MOLECULAR DATA AND ANALYSIS
Because estimates of divergence times for Bufo vary considerably, genes with disparate rates of evolutionary change were sequenced to target a wide range of signal. Recently, investigators have begun to include more slowly evolving nuclear genes with mtDNA data to resolve deep and shallow divergences within Anura and to incorporate independently evolving molecular markers (e.g. Hillis, 1987; Pennington, 1996) . For this study, regions of the 12S−16S mitochondrial genome were sequenced to give a signal at intermediate and recent levels of divergence. The 12S−16S fragment was obtained with several sets of overlapping primers used previously for Bufo (Goebel, Donnelly & Atz, 1999; Pramuk et al., 2001) or modified from published primers. Portions of the nuclear proopiomelanocortin-A gene (POMC) and the recombination-activating gene 1 (Rag-1) were sequenced in order to provide a signal at deeper levels of divergence and were selected based on their proven phylogenetic utility for other groups of vertebrates. POMC and Rag-1 are single-copy nuclear genes proven useful for resolving deeper evolutionary relationships among jawed vertebrates (Venkatesh, Erdmann & Brenner, 2001) , as well as amphibians (POMC: Alrubaian et al., 2002; Wiens et al., 2005b; Rag-1: Hoegg et al., 2004; Wiens et al., 2005a) . POMC and Rag-1 primers were used directly or modified from those used previously for anurans (Wiens et al., 2005b , Hoegg et al., 2004 . All primers used in this study are listed in Table 3 . In total, data for samples were sequenced from 89 specimens, but with fewer (77) individuals sequenced for the Rag-1 data set. To verify sequence identity, multiple individuals were sequenced for some polytypic and geographically widespread species (e.g. members of the B. margaritifer group). Previously published data for the 12S−16S fragment (Pauly et al., 2004) were used for the outgroups Ceratophrys cornuta, Eleutherodactylus w-nigrum, and Hyla cinerea (AY326014, AY326004, AY680271, respectively). In addition, published data for POMC (Wiens et al., 2005b) were used for Ceratophrys cornuta (AY819091) and Hyla cinerea (AY819116). A complete list of voucher specimens, their associated locality data, and GenBank accession numbers can be found in Appendix 2.
Prior to extraction, tissues were stored at −80 °C or fixed in 95-100% EtOH. The DNA was extracted from small amounts (∼50 ng) of muscle or liver tissue with the Dneasy Tissue Kit (Qiagen Inc.) and visualized on 1% high-melt agarose gels in TAE buffer. A polymerase chain reaction (PCR) was performed in 50-µL reactions containing 0.5 units of Taq polymerase (Fisher), ∼1 µg of genomic DNA, 10 pmol of each primer, 15 nmol of each dNTP, 50 nmol of MgCl 2 , and buffer. Amplification followed published PCR conditions (Palumbi, 1996) and was performed on a Bio-Rad (MyCycler) thermal cycler. Cycle sequencing reactions were completed with Big Dye Sequencing Kits (ABI Inc.). Amplified DNA was purified [with either CleanSEQ magnetic beads (Agencourt) or Sephadex Table 3 . The amplification and sequencing primers used for the continuous 12S−16S region of the mitochondrial genome, and portions of the nuclear genes POMC and Rag-1. Position refers to the location in the Xenopus mitochondrial genome. The Goebel number refers to primers listed in Goebel et al. (1999: Rambaut, 1996) were used to edit sequences. CLUSTALX (Thompson et al., 1997) was employed to perform preliminary alignment using default parameters (gap opening = 15; gap extension = 6.666; delay divergent sequences = 30%; transition:transversion = 50%), with adjustments by eye. Alignment of the protein coding sequences was straightforward and they were translated into amino acids to verify alignment. Although they were relatively uncommon (∼1-2%) within nuclear genes, heterozygous bases were coded with IUPAC symbols. Alignment of the 12S−16S ribosomal genes was more complicated. Published secondary structure models of the 16S and 12S genes for Eleutherodactylus cuneatus and Xenopus laevis (De Rijk et al., 1994; Van de Peer et al., 1994) were used to discover the secondary structure of the nonprotein coding genes. Alignments of ribosomal DNA were adjusted to agree with known secondary structure, and insertions and deletions were preferentially placed into loop regions rather than stems. Regions of the mtDNA that remained unalignable were deleted from the analyses. Maximum parsimony (MP), ML, and Bayesian analyses were performed on separate molecular partitions, and were also performed on the combined data sets. Initially, data from each of the three DNA fragments (12S−16S, POMC, Rag-1) and morphology were analysed separately. By comparing nonparametric bootstrap (npb) values and bpp supporting nodes of the resulting trees, and the topologies resulting from the separately analysed data sets, areas of strongly supported incongruence resulting from two or more data subsets were investigated (following Wiens, 1998).
Strong support for individual nodes was defined as nodes with bpp = 0.95 (Alfaro et al., 2003) or npb = 70 (Hillis & Bull, 1993 ; but see their caveats). No strongly supported conflicting relationships were recovered, so all data were combined for all subsequent analyses (Wiens, 1998) . MP analyses were performed with PAUP* (ver. 4.0b10; Swofford, 2000) using a heuristic search with 100 random addition sequence replicates and TBR branch swapping. Nodal support for parsimony results was assessed through nonparametric bootstrap analysis with 200 bootstrap pseudoreplicates and ten random taxon addition replicates.
The most appropriate model of gene evolution for the ML (and Bayesian) analysis was estimated through likelihood ratio tests of the entire mitochondrial fragment (12S, tRNA Val , and 16S) and separately for each nuclear gene, with MODELTEST ver. 3.06 (Posada & Crandall, 1998) . ML analyses were performed on separate and combined data sets. For ML searches of all combined DNA data, MODELTEST selected the best model as GTR + I + G (base frequencies: A: 0.2917; C: 0.2054; G: 0.2226; T: 0.2803; rate matrix: A-C: 0.7394, A-G: 2.3595, A-T: 0.6279, C-G: 0.4620, C-T: 3.3126, G-T: 1.0000; shape parameter for gamma distribution: 1.9537; proportion of invariant sites: 0.4041). ML searches (Felsenstein, 1981) were run using 100 random addition replicates and TBR branch swapping. Confidence in the resulting topology was assessed with npb (Felsenstein, 1985) with 200 bootstrap replicates, and heuristic searches of one random addition with TBR branch swapping per replicate.
The data sets were analysed in combined, mixedmodel analyses using MRBAYES 3.04b (Ronquist & Huelsenbeck, 2003) . The analysis of combined data utilized four model partitions for the morphological, 12S−16S, POMC, and Rag-1 data sets (see Table 4 ). To check for congruence on an identical topology, a mini- Table 4 . Major data partitions analysed in this study, their characteristics resulting from maximum parsimony analysis, and the appropriate model selected by MODELTEST (Posada & Crandall, 1998) or via the Bayes factor for morphology (following Nylander et al., 2004; Wiens et al., 2005a) mum of two replicate searches was performed for each separate and combined data set on the BYU BioAg Computational Cluster. Analyses were initiated with random starting trees and each analysis was run for 20 × 10 6 generations, with four Markov chains employed, the temperature set at 0.4, and with the chain sampled every 1000th generation. The application TRACER (ver. 1.2; Rambaut & Drummond, 2003) was used to view output of the sump file generated by MRBAYES. To determine the burn-in, log-likelihood plots were examined for stationarity (where plotted values reach an asymptote). Trees generated prior to reaching stationarity were discarded as burn-in. Most analyses reached stationarity relatively quickly (all reached stationarity after 160 000 generations).
RESULTS
PHYLOGENETIC RELATIONSHIPS
Morphological data
Of the 83 morphological characters employed in this analysis, 15 were unique and unreversed (the characters are described in Appendix 3). The MP analysis of the unordered morphological data yielded 5077 mostparsimonious trees (refer to Table 4 for summaries of tree statistics for all analysed data subsets). The results of the Bayesian analysis of ordered characters were almost identical to the parsimony analysis of unordered characters, whereas the parsimony analysis of ordered data differed in that the clade containing Truebella, Melanophryniscus, and Osornophryne was more derived and nested within Bufo. Because all trees converged on a broadly similar topology, I have chosen to focus the discussion on the topology presented in Figure 1 (resulting from the parsimony analysis of unordered characters). The strict consensus tree (Fig. 1) All consensus trees resulting from Bayesian and parsimony analyses of the morphology reveal little about the relationships among South American toads. Within the strict consensus tree (Fig. 1) boreas + B. exsul) B. spinulosus)) having disparate geographical distributions are weakly supported as sharing a recent common ancestor. A close relationship between these groups is not supported by molecular data, and a shared history, as indicated by the morphology, is an artefact resulting from convergence on and characters correlated with, a lightly ossified skull.
Molecular and combined data DNA sequence data were obtained for 2563 aligned bases of the continuous 12S−16S mitochondrial RNA gene region, including the intervening tRNA
Val , in addition to 550 bases of POMC and 791 bp of Rag-1, for a total of 3987 bp. For the final alignment of the mtDNA sequences, positional homology was ambiguous for seven regions totalling 91 bases, and they were excluded from the analysis.
The results of MP, ML, and Bayesian analyses of all molecular data subsets were broadly congruent; only a few of the deeper nodes with poor support in the data subsets changed position among analyses and are discussed herein. Because the resulting MP, ML, and Bayesian topologies were very similar and Bayesian analysis is the only method that allows for the combination of mixed models, only the latter results are presented and discussed in detail.
Bayesian topologies of the mtDNA (12S−16S) and nuclear (POMC and Rag-1) data subsets are shown in Figures 2 and 3 , respectively. The two topologies are broadly congruent, with differences only occurring in some of the poorly supported clades. One major difference between the analyses of these subsets is the position of the North American clade (monophyletic in both trees, with bpp = 1.0), which in the mtDNA tree (Fig. 2) , is unresolved with the Central and South American clades. In contrast, the nuclear data place the North American clade as sister to the Central American clade (bpp = 0.89). In the tree derived from the nuclear data, the NA + CA clade is recovered as the sister group to a weakly supported clade containing Eurasian, African, and South American taxa (although this relationship is poorly supported: bpp = 0.73; Fig. 3 ).
Bayesian analysis of combined DNA and DNA + morphology yielded consensus trees (50% majority rule) broadly congruent with those resulting from MP and ML analyses. In the following discussion Figure 4 . In the Bayesian topology resulting from the analysis of all data, relationships within New World Bufo are fully resolved, with bpp values for most nodes = 0.95 (Fig. 4) The B. marinus group is weakly supported as monophyletic (clade 5; bpp = 0.91) with B. crucifer at its base (bpp = 1.0); the sister to this clade is the monophyletic B. granulosus group (clade 6; bpp = 1.0). All of the above-mentioned monophyletic groups form a lineage referred to herein as the 'derived' South American clade (to distinguish it from other, more basal South American Bufo). In all analyses of all combined data, Eurasian species (clades 9, 10, and 12) are paraphyletic with two lineages falling out as sequential sister groups to the New World clade (bpp = 0.64 and .97).
PHYLOGENY, CRANIAL MORPHOLOGY, AND DIAGNOSTIC SYNAPOMORPHIES OF SOUTH AMERICAN SPECIES GROUPS OF BUFO
The results of this study indicate that the current taxonomy of South American Bufo, for the most part, accurately reflects the evolutionary history of the group. The results of all analyses support the monophyly of: (1) five lineages of 'South American' toads (as defined by Duellman & Schulte, 1992: the B. granulosus, B. guttatus, B. margaritifer, B. marinus, and B. valliceps groups) ; and (2) the Central and North American lineages. Most of the species groups of South American Bufo have at least one unique and unreversed morphological synapomorphy that can be used to assist in their diagnosis; these characters are discussed below. The nonmonophyletic groups are the B. veraguensis and spinulosus groups, with the former being monophyletic only in the morphological analysis and the latter polyphyletic in all analyses. Additional taxon sampling of the 'B. veraguensis group' will be required to ascertain how many lineages are contained in this polyphyletic taxon. Terms for cranial characters follow Trueb (1993), and for convenience are shown in Figure 5 . Dorsal (Fig. 6) , ventral (Fig. 7) , and lateral (Fig. 8) views of the skulls of one representative of each species group are illustrated and characters relating to them are described herein.
Bufo margaritifer group (clade 1)
This group of medium-sized toads has relatively lightly ossified crania with variable amounts of dermal ornamentation. Many have highly developed and dorsally projecting preorbital crests confluent with the postorbital crests; however, this character is highly variable and is also sexually dimorphic, with the crests being more developed in the females of some species (Fig. 8D) . The crania of the species examined in this study share the following characters: relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 6D) ; articulation of the nasals laterally with the pars facialis of the maxilla; sphenethmoid covered completely by medial articulation of the nasals and frontoparietals; jaw articulation posterior to the level of the fenestra ovalis; anterior margins of the nasals distinctly acuminate; and a complete temporal arcade (sensu Lynch, 1971 ) is formed by articulation of the frontoparietal and squamosal. The sacral diapophyses of the examined species in this group are not broadly dilated (Fig. 9D) . One unique and unreversed synapomorphy supports the monophyly of the B. margaritifer group: character 13, expansion of the posterior ramus of the pterygoid (Fig. 8D) . Members of this group also share nasals that articulate laterally with the preorbital processes of the maxillae (Fig. 8D) ; however, this character is also common to members of the B. peltocephalus and B. granulosus groups.
Bufo ocellatus, a taxon with uncertain affinities that was first assigned to the B. margaritifer group (= margaritifer; Boulenger, 1882) and later to the Figure 1 . Strict consensus of 5077 most-parsimonious trees resulting from the analysis of morphological data alone (64 taxa) with all characters unordered and equally weighted (tree length = 537; consistency index = 0.245; retention index = 0.666). Bremer (1988 Bremer ( , 1994 (Leão & Cochran, 1952) , is well supported as the sister to the B. margaritifer group (bpp = 1.0).
'Bufo veraguensis group' (clades 2 and 3)
These small-to medium-sized toads have moderately to lightly ossified skulls that lack dermal sculpturing. According to Duellman & Schulte (1992) , there are no characters uniting members of the B. veraguensis group and as such, its monophyly is suspect. The lack of unique and unreversed morphological characters for this group (as it is currently defined) resulting from this study also attests to its nonmonophyly.
Because there are few specimens in collections, the morphological analysis included only three individuals representing the ten species currently assigned to it (Table 1 ). The crania of examined species of this 'group' share the following characters: relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 6E) ; nasals not expanded dorsolaterally; nasal and pars facialis of maxilla not in contact laterally; sphenethmoid visible dorsally and not covered completely by the nasals and frontoparietals; jaw articulation posterior or at the level of the fenestra ovalis; and a complete temporal arcade. The sacral diapophyses of the examined species of this group are relatively broadly dilated (Fig. 9E) .
'Bufo spinulosus group' (clades 4 and 15)
Toads assigned to the B. spinulosus group are small to medium in size and have moderately to lightly ossified skulls that lack dermal sculpturing and exostosing. The B. spinulosus group was previously defined as having narrow frontoparietals and lacking cranial crests (Duellman & Schulte, 1992) . Although there are no synapomorphies supporting the monophyly of these toads, there are broad similarities among members currently assigned to it. All members have relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 6C, H) . The nasals are not expanded dorsoventrally; therefore, the nasal bones and pars facialis of the maxilla are not in contact laterally. All examined species of this 'group' have the sphenethmoid visible dorsally (a consequence of a lightly ossified cranium). The level of jaw articulation is variable; in some species (e.g. B. cophotis, Fig. 8H ), jaw articulation is anterior to the fenestra ovalis, whereas in others it is posterior (e.g. B. amabilis, Fig. 8C ). None of the species assigned to this group has a complete temporal arcade. In addition, the shape of the otic ramus of the squamosal is variable: in B. variegatus, B. corynetes, and B. chilensis, the otic ramus is not enlarged, and in the other species assigned to the group it is slightly enlarged and overlaps the prootic laterally. The basal position of two 'spinulosus' group species (B. variegatus and B. cophotis; Fig. 4 ; clade 15) is not surprising, given that these taxa were formerly assigned to the B. variegatus group based on morphological differences (Martin, 1972a) . A basal relationship for B. variegatus was also reported by Pauly et al. (2004) . Duellman & Schulte (1992) reassigned these smaller taxa to the B. spinulosus group on the basis of their shared lack of cranial crests. Certain cranial characters of these basal species are apparently convergent on the lightly ossified, 'narrow-skulled' morphology of members of the B. spinulosus group, and therefore it is not surprising that earlier investigators were misled by the striking convergence of these distantly related taxa. I recommend that B. cophotis and B. variegatus (clade 15) be reassigned to the B. variegatus group. Based on the placement of B. corynetes in the morphological analysis (Fig. 1) , I tentatively assign it to the B. variegatus group as well.
Bufo marinus group (clade 5)
Toads of the B. marinus group have extremely wellossified and exostosed crania that are ornamented with deep striations, pits, and rugosities. The cranium of examined specimens of this group share the following characters: relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 5A, B) ; sphenethmoid covered completely by medial articulation of nasals and Figure 2 . A, Bayesian consensus tree inferred from 12S−16S mitochondrial DNA data sequenced for this study, combined with 1970 bp of previously published 12S and 16S data (Pramuk et al., 2001) 9C ) and are more cylindrical than most species of Bufo examined. In addition, the anterior edge of the sacral diapophyses is angled posterolaterally to the longitudinal axis of the vertebrae. Species assigned to this group have distinctively large parotoid glands. The B. marinus group is monophyletic in all analyses. Cei (1972) proposed that this group is closely related to members of the Central American B. valliceps group (contained within clade 8); however, this was not supported by the analyses in which the B. marinus group (+ B. crucifer) is sister to the B. granulosus group (clades 5 and 6, respectively). A close relationship between B. crucifer and the B. marinus lineage has been proposed previously based on overall similarity (Cei, 1972) and mtDNA data (Pauly et al., 2004) .
Bufo crucifer group (sister to clade 5)
The skull of B. crucifer is heavily ossified, broadly rounded anteriorly, and wider than long, with the greatest width at the level of the quadratojugals (Fig. 6A) . The articulation between the squamosal and frontoparietal over the crista parotica forms a complete temporal arcade. The sphenethmoid of one specimen (KU 93112; Fig. 6A ) is visible dorsally. Overall, the skull of B. crucifer most resembles the skulls of members of the B. marinus lineage (e.g. B. arenarum, B. ictericus, B. marinus, B. schneideri, B. poeppigii, and B. rufus); among the similar features are the relatively heavy ossification, the full complement of cranial crests, and the broad overlap of the medial ramus of the pterygoid with the parasphenoid alae. However, these characters are not synapomorphies defining the B. crucifer + B. marinus groups, as they are shared by other clades of South American Bufo (e.g. the B. granulosus group).
Bufo granulosus group (clade 6)
Toads in this group are of small to medium size and have heavily ossified crania that are exostosed and display heavy dermal ornamentation (Fig. 6B) . The crania are distinctive among species of South American Bufo because they have a 'closed orbit' (Martin, 1972a ) with a complete margin of the orbit being formed by the articulation of the zygomatic ramus of the squamosal with the dorsal surface of the maxilla and the confluence of the preorbital and suborbital crests. The crania of examined species of this lineage share the following characters: relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 6B) ; posterolaterally expanded nasals; lateral articulation of the nasal and pars facialis of the maxilla; dorsal sphenethmoid covered completely by medial articulation of the nasals and frontoparietals; jaw articulation anterior to the level of the fenestra ovalis (Fig. 8B) ; and a complete temporal arcade. The sacral diapophyses are broadly dilated (Fig. 9B) . The monophyly of the B. granulosus group is supported by two unique and unreversed synapomorphies: character 59, the presence of an expanded, 'flag-shaped' dorsal crest of the ilium in lateral view (Fig. 10C) ; character 42, the presence of prenasal bones (Fig. 6B; Pramuk, 2000) . All analyses of DNA and combined data support the B. marinus group + B. crucifer as sister to the B. granulosus group.
North American taxa (clade 7)
Analyses of combined data place the North American clade (clade 7) as sister to the Central American clade (clade 8); these clades together form the sister group to the 'derived' South American lineage. Relationships within the North American clade are consistent for the most part with prior hypotheses inferred from ND1, tRNA, and 16S mtDNA (Masta et al., 2002) and from 12S−16S mtDNA data (Pauly et al., 2004) : ((((B. americanus + B. woodhousii) (B. terrestris + B. fowleri)) B. microscaphus) B. cognatus). One exception resulting from the present study is the position of B. fowleri, which is sister to B. americanus rather than B. terrestris. This unexpected relationship may indicate that the sample included in the present study (USNM 314864) is a hybrid. This specimen was collected from the northern half of Mississippi, where B. americanus is known to occur. However, upon examination of the voucher specimen, and with the aid of a dichotomous key (Powell, Collins & Hooper, 1998) , it was identified as B. fowleri with no external evidence indicating a hybrid origin. However, B. fowleri has been reported to hybridize with other species of North American Bufo, including B. americanus (Masta et al., 2002; Green & Parent, 2003) .
Central American lineage (clade 8)
Although the B. valliceps group has been referred to as a 'South American species group' (sensu Duellman & Schulte, 1992) throughout this study, my results confirm earlier findings (Mulcahy & Mendelson, 2000; Pauly et al., 2004) suggesting that this group is included within the Central American lineage. This clade of medium-sized toads has moderate ossification of the skull and rather 'generalized' cranial morphology for Bufo. The cranial crests are well developed, with the parietal crests being particularly large compared with those of other New World Bufo. The nasals are not expanded dorsolaterally; the nasals and pars facialis of the maxilla do not articulate laterally; the zygomatic ramus of the squamosal is free and does not articulate with the maxilla and ventral ramus of the squamosal (as it does in the B. granulosus and B. peltocephalus groups). The crania of examined species of this lineage share the following characters: relatively broad skulls that are wider than long, with the greatest width at the level of the quadratojugals (Fig. 6F) ; nasals not expanded dorsolaterally; sphenethmoid not covered completely by medial articulation of nasals and frontoparietals; jaw articulation posterior to the level of the fenestra ovalis (Fig. 8D) ; a complete temporal arcade; and relatively acuminate nasals. The sacral diapophyses are moderately dilated (Fig. 9F) . The monophyly of the Central American clade is supported by one unique and unreversed synapomorphy: character 28, the medial surface of the parasphenoid bears a pair of ridges that converge medially (Fig. 8F) . 
African lineage (clade 11)
The monophyly of the African clade (with the exception of Schismaderma) is well supported (bpp = 1.0) and is nested between two Eurasian lineages (Fig. 4) . Relationships within the African clade are largely consistent with the results of a recent study based on the analysis of nuclear and mtDNA data (Cunningham & Cherry, 2004) . However, in the present study, B. garmani is the sister to B. xeros (bpp = 1.0), whereas in the former study it was supported as the sister to B. poweri.
Bufo guttatus group (clade 13)
This group contains B. blombergi, the largest known species of Bufo (often with snout-vent length > 200 mm). However, other species assigned to this group (e.g. B. haematiticus) are more 'average' in size. Osteologically, members of the B. guttatus group are distinguished from all other Bufo by having welldeveloped omosterna. Moreover, their skulls are relatively broad and wider than long, with the greatest width at the level of the quadratojugals (Fig. 6G) . The sphenethmoids of examined species are visible dorsally and the jaw articulation lies posterior to the level of the fenestra ovalis; the temporal arcade is complete. The sacral diapophyses of the examined species in this group are not broadly dilated (Fig. 9H) as they are in the B. granulosus and B. veraguensis groups. Members of the B. guttatus group share two unique and unreversed synapomorphies: character 35, the sphenethmoid in ventral view is distinctively broad (Fig. 7G) ; character 36, the posterior process of the prootic is prominent and notched (Fig. 6G) . In molecular and combined analyses, the B. guttatus group is basal to most other Bufo included in this study (with the exception of B. cophotis, B. variegatus, and the B. peltocephalus group); this relationship is not surprising, as members of this group have long been suspected of belonging to an ancient clade that is morphologically and biochemically distinct from all other South American Bufo (Blair, 1972a) , and one member of the group (B. haematiticus) was recently supported as a basal clade within Bufo in an analysis of mtDNA data (Pauly et al., 2004) . Blair (1972a: 89) stated that the traits of this group differ decidedly from other Neotropical lines and tentatively suggested an independent origin from an unknown Tertiary ancestor. One unexpected result of all analyses is the support of B. nasicus, formerly assigned to the B. margaritifer group (Hoogmoed, 1990) , as sister to the B. guttatus group. Synapomorphies shared by other B. guttatus group species and B. nasicus include the presence of a well-developed omosternum and an elongated transverse process of vertebra VI (Fig. 9H,  I ). Morphologically, this group is supported as the sister group to B. granulosus by the following synapomorphies: character 14, zygomatic ramus of the squamosal articulating with the dorsal surface of the maxilla; and character 41, a preorbital crest confluent with a suborbital crest, with anterolateral foramen present. Prior morphological and molecular phylogenetic analyses (Pramuk et al., 2001 , based on 1970 bp of 12S, 16S, and cytochrome b mtDNA; and Pramuk, 2002, based on combined morphological and molecular evidence) recovered B. granulosus + B. marinus as the sister taxon to the West Indian toads (Fig. 2B) . West Indian toads are unique among bufonids for sharing a well-developed maxillary extension that forms a distinctively elongated snout common to most species of the group (with the exception of B. fluviaticus, in which the extension is present, but poorly developed; Pramuk, 2000) . To test further the sister-group relationship of the West Indian toads, 1970 bp of previously published 12S and 16S mtDNA data (Pramuk et al., 2001) for seven additional species of the B. peltocephalus group were combined and analysed (with MP and Bayesian methods) with the mtDNA data resulting from the present study. The analyses discussed previously, as well as the reanalysis of the previously published mtDNA data, indicate that the West Indian toads form a well-supported (bpp = 1.0) clade that is basal within most other Bufo included in this analysis (except B. cophotis and B. variegatus; Fig. 2A ). Convergent morphological characters shared between the West Indian toads and B. granulosus have repeatedly led investigators to speculate on their shared ancestry (e.g. Pregill, 1981; Pramuk, 2002) . The data presented in this study indicate that these two lineages do not share a recent common ancestor and that the B. peltocephalus group represents a relatively ancient and distinctive clade within Bufo. Frost, 2004) . Graybeal & Cannatella (1995) noted that there are no unambiguous characters supporting the monophyly of this taxon. Therefore, it is not surprising that in the molecular and combined-evidence analyses, Rhamphophryne is nested well within the New World radiation. Moreover, in the molecular and combined analyses, Schismaderma (a bufonid genus native to Tanzania, the Republic of Congo, and South Africa) is sister to the Eurasian B. melanostictus, and is nested within Bufo. The results of other studies also indicate that Schismaderma is closely related to other Bufo (Maxson, 1981a (Maxson, , 1984 Graybeal, 1997; Pauly et al., 2004) . Continued recognition of Rhamphophryne and Schismaderma renders Bufo paraphyletic. None of the data subsets supports the monophyly of South American Bufo. In most analyses resulting from separate and combined data sets, two clades of South American species (the B. guttatus and B. variegatus groups) and the West Indian Bufo (= B. peltocephalus group) fall outside of all other representatives of the genus; apparently these lineages are much older than other South American toads. These groups are quite distinctive morphologically from other Bufo included in this analysis. For example, members of the B. guttatus group share the presence of a well-developed omosternum and all species in the B. variegatus group lack columellae and share distinctively lightly ossified crania, with nasals that do not meet posteriorly with the anterior edges of the frontoparietals (Fig. 6H) . In addition, the B. peltocephalus group is a lineage that is so distinctive from other Bufo that it was formerly assigned to its own genus (Peltophryne Fitzinger, 1843; see also Pregill, 1981) . It could be argued that the 'odd', basal groups of South American toads (i.e. B. peltocephalus, B. guttatus, and B. variegatus groups) are so morphologically and genetically distinct from other Bufo and other New World species, that they should be reassigned to other genera. At this time, however, because of the lack of unique and unreversed morphological synapomorphies supporting the genus Bufo at any level, I refrain from reassigning the B. guttatus and B. variegatus groups to their own genera or from resurrecting the genus Peltophryne for the West Indian lineage.
MORPHOLOGICAL HOMOPLASY
The relationships supported by the analysis of morphological data (Fig. 1) vary considerably from those resulting from the molecular or combined analyses (e.g. Fig. 4) . Although there is considerable conflict between the molecular and morphological data sets, these differences are poorly supported. Therefore, all data were combined and analysed jointly (following Wiens, 1998). There are several compelling reasons to include even small components of morphological data in a phylogenetic analysis. For example, even relatively small subsets (< 5%) of morphological characters, in combination with large contigs of sequence data, can significantly influence a tree resulting from a combined analysis (Nylander et al., 2004) . Also, the addition of morphological characters will be necessary to reconstruct relationships of fossil and recently extinct taxa, which compose > 99% of all species that have ever lived (Wiens, 2004) . In addition, the inclusion of morphology allows for a discussion of morphological character evolution and descriptions of characters for the diagnosis of phylogenetically based taxonomic groups (sensu De Queiroz & Gauthier, 1990 . The unique and unreversed morphological synapomorphies presented herein can be used to aid the diagnosis of the monophyletic groups of South American Bufo.
The strict definition of a 'broad' vs. 'narrow skull' sensu Blair (1972a) is related to the width of the frontoparietal, which is probably correlated with the overall amount of ossification in the skull. In Evolution in the genus Bufo, Blair (1972b) and Martin (1972a) discuss 'narrow-' and 'broad-skulled' groups at length, but nowhere do the authors explain how they quantified skull type. To account for this, and to simplify the coding scheme, I scored frontoparietals as 'broad' if they extended past the sphenethmoid laterally on the dorsal surface of the skull (see character 72). MAC-CLADE was then employed to trace the character states on the trees resulting from morphology and combined data (Figs 1, 4, respectively) . Within the tree derived from morphological data (Fig. 1) , the clustering of Bufo based on skull type indicates that the relationships supported by these data are largely affected by characters correlated with skull width. In contrast, the molecular and combined results do not support the monophyly of 'narrow-' or 'broad-skulled' lineages. It is apparent that characters correlated with skull width and the amount of overall ossification are highly convergent within the genus; as a result, relationships in the morphology-alone analysis should be interpreted with caution. Interestingly, Martin (1972a) was aware of the convergence in frontoparietal width among Bufo and noted that caution should be used in interpreting phylogenetic reconstructions of the genus based on osteological data.
In this study, phylogenetic groupings of Bufo resulting from molecular and combined analyses of DNA and morphology correspond more to historical geographical patterns than to skull type. Moreover, none of the analyses performed herein support 'broadskulled' or 'narrow-skulled' clades (sensu Blair, 1972a) . My molecular and combined-evidence analyses indicate that lightly ossified crania are highly convergent in Bufo and 'narrow-skulled' forms have conservatively evolved within at least six separate lineages (Fig. 4) . It is evident that each skull type is intermingled with the other in each of the North, Central, and South American, and Eurasian lineages, and that skull width (or the amount of ossification affecting it) is prone to convergence. Morphological homoplasy within Bufo was also recovered by Pauly et al. (2004: fig. 5 ) and Graybeal (1997: fig. 10 ), who mapped skull type (coded from data presented in Blair, 1972b and Martin, 1972a) onto their resulting topologies. Blair (1972b) speculated that an early dichotomy in skull type occurred in Bufo when 'narrow-' and 'broadskulled' lineages became adapted to cold and warm habitats, respectively. Blair (1970 Blair ( , 1972b suggested that cooler, upland environments selected against heavily ossified skeletons, given that a heavily ossified skeleton would not be as mobile in cooler environments. Some clades resulting from my combined analysis agree with Blair's (1972b) hypothesis: species with lightly ossified crania (e.g. members of the B. spinulosus and B. veraguensis groups) are generally restricted to montane and/or cooler habitats. However, there are broad exceptions to this pattern, as some species with lightly ossified skulls are endemic to warmer lowland environments (e.g. B. atacamensis of the B. spinulosus group, native to the Atacama desert of Chile, and species of the B. margaritifer group distributed throughout lowland forests of Amazonia). The causes of a correlation between a narrow skull type and cooler climates as noted by Blair (1972b) are not apparent, nor has a biological explanation for the convergence of 'broad' or 'narrow' skull types been investigated.
Prior authors have noted that the genus Bufo is morphologically conserved (e.g. Savage, 1973; Graybeal & Cannatella, 1995; Graybeal, 1997) . Low levels of interspecies variation may explain why other investigators (Morrison, 1994; Graybeal, 1997; Mendelson, 1997a) employing morphological data to investigate bufonid phylogeny have obtained trees that were poorly resolved (e.g. Graybeal, 1997: fig. 11 ). Similarly, the lack of resolution in the strict consensus tree in the present study (Fig. 1) attests to the paucity of variation in characters of the osteology and integument of toads. However, the present study did not include myological, larval, or behavioural characters. In the future, it is possible that other kinds of morphological data (especially those coded from soft tissue and not correlated with the amount of skull ossification) could yield a wellspring of phylogenetically informative characters.
BIOGEOGRAPHY
In the Neotropical Realm, toads are a relatively minor component of the anuran fauna, representing approx-imately 3.5% of species (calculated from data provided in Duellman & Sweet, 1999) . However, the nearly cosmopolitan geographical distribution of Bufo is larger than that of any other amphibian genus. The widespread distribution and diversity of this group has prompted numerous systematic and biogeographical investigations of Bufo, some of which are reviewed herein and compared with the area cladogram resulting from this study (Fig. 11D) .
The results of this study indicate that there is strong geographical structuring within trees resulting from both the combined and molecular data analyses, and most strongly supported clades are geographically homogeneous. Within the area cladogram (Fig. 11D) , two South American and one West Indian lineage of toads are basally placed within Bufo, the African and Eurasian taxa are intermediate, and the remaining New World taxa are the most derived. Within the large New World clade, North and Central American taxa form a monophyletic group, which is sister to the derived South American lineage. A polyphyletic South American Bufo was also recovered in a recent study of Nearctic Bufo relationships, which included exemplars of South and Central American species (Fig. 11C; Pauly et al., 2004) .
Previously, other authors (e.g. Tihen, 1962a; Savage, 1966 Savage, , 1973 Blair, 1972b; Martin, 1972a; Maxson, 1984; Graybeal, 1997) proposed hypotheses for the origin of South American Bufo. Pauly et al. (2004) provide a thorough review of the findings of these authors and discuss them in the context of their phylogeny of Nearctic toads. Herein I focus my discussion on how my results differ from those of Pauly et al. (2004) and from the few additional prior hypotheses based on objective methods (e.g. Martin, 1972a , based on a phenetic analysis of morphological data, Fig. 11A ; Maxson, 1984 , based on immunological distance data, Fig. 11B ). Biogeographical scenarios presented in the literature as generalizations rather than with a branching diagram (e.g. Tihen, 1962a; Blair, 1972a; Savage, 1973; Tandy & Tandy, 1976) are not discussed. In addition, because the 16S data of Graybeal (1997) were recently found to be unreliable (Harris, 2001; Pauly et al., 2004) , the biogeographical hypothesis resulting from her data is not addressed here.
In Evolution in the genus Bufo, Martin (1972a: figs 4-16) was the only contributor to present a tentative phylogeny of Bufo, which was based on overall morphological similarity (Fig. 11A ). Martin's phylogenetic tree proposes that South American taxa are polyphyl- Figure 11 . Area cladograms of previously proposed biogeographical hypotheses for the origin of Bufo compared (A-C) with the area cladogram resulting from the analysis of combined nuclear + mitochondrial DNA and morphology (D; this study). A, based on the osteological data and phenetic relationships of Martin (1972a) . B, the cladogram of Maxson (1984) is based on immunological distance data. C, the hypothesis of Pauly et al. (2004) is inferred from 12S−16S mitochondrial DNA data. etic and contain descendants of both the 'broad-' and 'narrow-skulled' lineages. Intercontinental exchange of Bufo was offered to explain the occurrence on every continent of toads from both lineage types -convergence on 'narrow-' or 'broad-skulled' morphotypes was not widely entertained. In the same volume, Blair (1972a) proposed that the genus originated in South America, and subsequently dispersed to the Old World. Maxson's (1984) immunological study failed to recover a paraphyletic South American clade consistent with Gondwanan origin (Fig. 11B) , as recovered in the present study (Fig. 11D) , as her single representative of the B. guttatus group (B. blombergi) fell out in a polytomy with other species of South American toads. However, using an 'albumin molecular clock ' Maxson (1984) calculated the age of Bufo to be approximately 80 Myr (million years). Based on this estimate, Maxson (1984) hypothesized that African lineages separated from American and Asian lineages in the Late Cretaceous, corresponding with the breakup of western Gondwana (∼100 Mya). Her results also suggest that North and Central American lineages are sister groups within the New World radiation, and that Eurasian species fall out as the sister to the New World clade. In contrast to the hypothesis of Martin (1972a), Maxson's tree does not group 'narrow-' and 'broad-skulled' individuals and is geographically cohesive (i.e. with species from most continents recovered as continent-specific clades, except South America, which was unresolved).
Recently, Pauly et al. (2004) presented their phylogeny of Nearctic toads and employed parametric bootstrapping to test previously proposed biogeographical hypotheses for the genus. Unfortunately, current MP and ML-based methods (e.g. Kishino-Hasegawa, parametric bootstrapping, Shimodaira-Hasegawa, and the Templeton test) used to test competing hypotheses do not allow for combined analyses with partitioned models (potentially leading to the use of inadequate models; Wiens et al., 2005b) . Therefore, I opted not to employ MP and ML-based statistical methods to explicitly test competing biogeographical hypotheses. However, in lieu of statistical tests, we can evaluate the topology resulting from this study by comparing the bpp of corresponding nodes of my tree (Fig. 4) with those of Pauly et al. (2004: figs 2, 4) . As with the present study, Pauly et al. (2004) (Fig. 11A-D) , it is apparent that all three resulting from the analysis of genetic data (Fig. 11B-D) are broadly congruent. However, my area cladogram (Fig. 11D) is more similar to the results of Maxson (1984;  Fig. 11B ), recovering Central + North American lineages as wellsupported sister areas and Eurasian Bufo as sister to the New World radiation, than it is with the findings of Martin (1972a; Fig. 11A) or Pauly et al. (2004; Fig. 11C) . Nonetheless, my hypothesis does not agree completely with the topology of Maxson (1984) , as she did not recover a polyphyletic South America.
The major biogeographical and phylogenetic conclusions resulting from this study are that: (1) The area cladogram supports Eurasian and African lineages as basal to a large New World radiation, with two South American lineages supported at the base of the tree. As has been proposed in prior studies (Maxson, 1984; Pauly et al., 2004) , this finding is consistent with an origin of Bufo that predates the breakup of Gondwana (∼100 Mya; Goldblatt, 1993; Pitman et al., 1993) . (2) Central and North American clades together form a well-supported monophyletic group with the 'derived' South American clade falling out as its sister group. (3) Eurasian Bufo comprise the sister lineage to the derived New World clade. Considering the area relationships supported by this study, it is possible that the ancestor of the 'recent' lineage of Bufo (comprising the African, Eurasian, and North, Central, and 'derived' South American lineages) arose in Africa following complete separation of the western Gondwana ∼100 Mya (Goldblatt, 1993; Pitman et al., 1993) .
This study provides our best insight yet into the major lineages within Bufo, and, as a result, provides a more thorough understanding of the biogeographical history of the genus. Unfortunately, the fossil record for true toads (reviewed in Pauly et al., 2004 ) is particularly depauperate, with most described forms being of extant taxa primarily known from fragmented ilia and other pelvic girdle elements (Sanchíz, 1998) . The oldest specimen attributable to Bufo dates from the Late Palaeocene of Itaborai, Brazil (∼55 Mya; Báez & Nicoli, 2004) . Therefore, there are currently no available fossil data to support the above-mentioned 'Gondwanan Origin' for Bufo, or to provide reliable calibration dates within the genus, making it difficult to extend the results towards elucidating the historical biogeography of true toads. Greater taxon sampling (particularly of Eurasian and African species), as well as additional and accurately dated bufonid fossils, will aid our understanding of the biogeographical history of Bufo. 19. Contact of medial ramus of pterygoid with ala of parasphenoid. The medial ramus of the pterygoid is not in contact or barely in contact with the anterolateral margin of the ala of the parasphenoid (0; e.g. B. cophotis; Fig. 7H ), fused with the anterolateral margin of the parasphenoid (1; e.g. B. veraguensis; Fig. 7E ), or fused and extending medially along approximately half the length of the parasphenoid ala (2; e.g. B. marinus; Fig. 5B ). 20. Jugular foramina. In ventral view, the jugular foramina are round openings located on the ventral surface of the exoccipital (0; e.g. B. granulosus; Fig. 7B ). However, in the B. guttatus group, they are orientated posterolaterally, and are not visible in ventral view (1; e.g. B. caeruleostictus; Fig. 7G ). 21. Anterior margin of nasals. In lateral view, the anterior margins of the nasal bones are flush with the dorsal margins of the alary processes of the premaxillae (0; e.g. B. marinus; Fig. 5C ), extend beyond the dorsal margins of the alary processes (1; e.g. B. valliceps; Fig. 8F ), or lie posterior to the dorsal margins of the alary processes (2; e.g. B. cophotis; Fig. 8H ). 22. Medial process. Pregill (1981) described a narrow, shelf-like process extending medially from the pars facialis of the maxilla that is present in the B. peltocephalus group; this was referred to as the preorbital process of the pars facialis by Morrison (1994) . The process is visible in ventral view and articulates posteriorly with the neopalatine and laterally with the pars palatina of the maxilla. This process is reduced or absent in most outgroup taxa and some Bufo examined (0; e.g. B. cophotis; Fig. 7H ) and is expanded and visible in ventral view in most Bufo examined (1; e.g. B. marinus; Fig. 5B ). 23. Maxillary extension. In most Bufo (e.g. B. crucifer; Fig. 7A ), the anterior edge of the maxilla abuts the premaxilla. However, in most members of the B. peltocephalus group (e.g. B. lemur) and one species of the B. granulosus group (B. goeldii), the paired maxillae overlap the lateral margin of the premaxillae (Pramuk, 2000: fig. 4 ). No overlap of premaxilla by maxilla (0); maxillae extending beyond lateral margin of premaxillae (1). 24. Expansion of pars facialis of maxilla. The pars facialis of the maxilla is a dorsally directed flange. The dorsal process can be relatively expanded at the point where it articulates anteromedially with the premaxilla (0; e.g. B. marinus; Fig. 5C ) or be relatively equal in height from the anterior margin of the orbit to the point of articulation between the maxilla and the premaxilla (1; e.g. B. margaritifer; Fig. 8D ). 25. Jaw articulation. In lateral view, jaw articulation may lie posterior to the fenestra ovalis (0; e.g. B. marinus; Fig. 5C ), opposite the fenestra ovalis (1; e.g. B. veraguensis; Fig. 8E ), or anterior to it (2; e.g. B. cophotis; Fig. 8H ). 26. Alary process. The alary processes of the premaxillae project dorsally from the pars palatina of the premaxillae. Alary processes are perpendicular (0; B. veraguensis; Fig. 8E ), angled posteriorly (1; e.g. B. cophotis; Fig. 8H ), or angled anteriorly (2; e.g. B. margaritifer; Fig. 8D ) to the anterior margin of the premaxillae. 27. Ridges on cultriform process of parasphenoid. In some taxa, the ventral surface of the cultriform process is smooth (0; e.g. B. caeruleostictus; Fig. 7G ), whereas in others it bears a pair of ridges that are parallel to the medial axis of the skull (1; e.g. B. crucifer; Fig. 7A ). 28. Ridges on medial surface of parasphenoid corpus. The medial surface of the parasphenoid corpus of some species is smooth (0; e.g. B. marinus; Fig. 5B ), whereas in others it bears a pair of ridges that converge medially (1; e.g. B. valliceps; Fig. 7F ). 29. Parasphenoid, shape of anterior edge of cultriform process. The anterior end of the cultriform process has one of two shapes; it may be acute and narrow (0), or broadly rounded anteriorly (1). 30. Direction of parasphenoid alae. The orientation of the long axes of the parasphenoid alae may be posterolateral (0), lateral (1; e.g. B. crucifer; Fig. 7A ), or anterolateral (2; e.g. B. marinus; Fig. 5B) . 31. Articulation of medial ramus of pterygoid and parasphenoid alae. In most Bufo, the suture between the medial ramus of the pterygoid and the parasphenoid is smooth (0; e.g. B. margaritifer; Fig. 7D ), whereas in members of the B. marinus group it is jagged or scalloped (1; e.g. B. marinus; Fig. 5B ). 32. Anterior extent of cultriform process. In some taxa, the anterior terminus of the cultriform process is at the level of, or barely beyond, the anterior edge of the optic foramen (0; e.g. B. veraguensis; Fig. 7E ). In other taxa, the end of the cultriform process is midway between the optic and orbitonasal foramina (1; e.g. B. crucifer; Fig. 7A ), whereas in others it extends beyond the orbitonasal foramina (2; e.g. B. valliceps; Fig. 7F ). 33. Medial separation of occipital condyles. Tihen (1962a) proposed that features of the occipital condyles might indicate a close relationship between bufonids and genera of ceratophryine leptodactylids. Lynch (1971: 52) suggested that the degree of separation between occipital condyles (broad vs. narrow) might be size dependent. Because both conditions occur in small bufonids, the character is included in this analysis. Occipital condyles are widely separated (0; e.g. B. granulosus; Fig. 6B ) or closely juxtaposed (1; e.g. B. crucifer; Fig. 6A ). 34. Level of ossification of sphenethmoid. The sphenethmoid is lightly ossified, creating a large, tri-angular exposure of the planum antorbitale cartilage (0; e.g. B. marinus; Fig. 13A ), moderately ossified, creating a small triangular region of the cartilage exposed (1; e.g. B. granulosus, Fig. 13B ), or highly ossified, extending to the dorsolateral edge of neopalatine, planum antorbitale not exposed (2; e.g. B. veraguensis; Fig. 13C ). 35. Shape of sphenethmoid in ventral view. In most specimens examined, the ventral braincase is narrow (0; e.g. B. margaritifer; Fig. 7D ), whereas in the members of the B. guttatus group, it is distinctively broad (1; e.g. B. caeruleostictus; Fig. 7G ). 36. Posterior process of prootic. In many Bufo there is an elaboration of the dermal bone at the point of contact of the exoccipital and the posteromedial edge of the prootic. This process is distinctively large and notched in members of the B. guttatus group (0; e.g. B. caeruleostictus; Fig. 6G ); in other taxa it is moderately prominent (1; e.g. B. marinus; Fig. 5A ). 37. Anterior extension of sphenethmoid. In ventral view, the anterior margin of the sphenethmoid extends anteriorly only to the posterior margin of the vomers (0; e.g. B. amabilis; Fig. 7C ), extends anteriorly approximately to the middle of the vomers (1; e.g. B. margaritifer; Fig. 7D ), or extends to the posterior margin of the premaxillae (2; e.g. B. veraguensis; Fig. 7E ). 38. Ventral ridge of neopalatine. In many species of Bufo the neopalatine bears a ventral, transverse ridge. Ventral ridge of neopalatine present (0; e.g. B. crucifer ;  Fig. 7A ); or absent (1; e.g. B. veraguensis; Fig. 7E ). 39. Neopalatine, relative width medial and lateral edge. The lateral end of the neopalatine may be broader than the medial end (0; e.g. B. marinus; Fig. 5B ), the neopalatine may be the same width along its entire length (1; e.g. B. veraguensis; Fig. 7E ) or the medial end may be broader than the lateral end (2; e.g. B. amabilis; Fig. 7C ). 40. Neopalatine separation. The neopalatines may be nearly in contact at the midline of the sphenethmoid (0; e.g. B. marinus; Fig. 5B ), or be separated widely, contacting the sphenethmoid only marginally (1; e.g. B. cophotis; Fig. 7H ). 41. Anterolateral foramen. In species that bear a preorbital crest that is confluent with a suborbital crest (e.g. B. lemur and members of the B. granulosus group), a foramen perforates the ventrolateral surface of the nasal (1; e.g. B. granulosus; Fig. 13B ), whereas in most Bufo, this foramen is absent (0; e.g. B. veraguensis; Fig. 13C ). 42. Prenasal bones. These elements, described by Pramuk (2000) , are paired, ovoid, dermal bones that lie posterior to the nares and are unique among bufonids to members of the B. granulosus group. Prenasal bones absent (0; e.g. B. veraguensis ; Fig. 6E ); present (1; e.g. B. granulosus; Fig. 6B ). In lateral view, the articulation of the posterior margin of the maxilla with the quadratojugal may have one of three orientations: posterior edge of the maxilla positioned ventrally to the quadratojugal (0); maxilla lateral to the quadratojugal (1); maxilla positioned dorsally to the quadratojugal (2); quadratojugal reduced and not in contact with the maxilla (e.g. B. variegatus; 3). In some taxa (e.g. B. granulosus), the condition of the quadratojugal is obscured by a heavy outgrowth of dermal bone; these were scored as unknown. 44. Number of presacral vertebrae. The anuran vertebral column is composed of the presacral, sacral, and postsacral regions; Bufo resemble most other neobatrachia in having eight presacral vertebrae and lacking ribs. In Pedostibes hosii, vertebra II is fused with III. However, this taxon was coded as having eight vertebrae present. Eight presacral vertebrae present (0); reduction in the number of presacral vertebrae (≤ seven) (1). 45. Posterior margin of neural arch. The posteromedial margin of the neural arches of the four posteriormost vertebrae may be spinous (0; e.g. B. marinus; Fig. 9C ), relatively smooth (1; e.g. B. woodhousii; Fig. 9K ), indented (2), or as in a few taxa there is a conspicuous channeled groove present that is visible in both whole and skeletal material (3; e.g. B. asper; Fig. 9J ). 46. Relative lengths of transverse processes of vertebrae V and VI. The length of the transverse process of vertebra VI may be less than (0; e.g. B. margaritifer; Fig. 9D ), approximately equal in length (1; e.g. B. cophotis; Fig. 9G ), or greater than the length of vertebra V (2; e.g. B. guttatus; Fig. 9H ). 47. Presacral vertebrae, orientation of transverse processes of vertebra VI. The transverse process of vertebra VI is orientated posterolaterally (0; e.g. B. granulosus; Fig. 9B ) or perpendicularly in relation to the medial axis of the vertebral column (1; e.g.
B. debilis).
48. Orientation of transverse processes of presacral vertebra VII. The transverse process of vertebra VII is orientated posterlaterally (0), perpendicularly (1; e.g. B. asper; Fig. 9J ), or anterior in relation to the medial axis of the vertebral column (2; e.g. B. veraguensis; Fig. 9E ). 49. Orientation of transverse processes of presacral vertebra VIII. The transverse process of vertebra VIII is orientated posterolaterally (0), or anteriorly in relation to the medial axis of the vertebral column (1; e.g. B. guttatus; Fig. 9H ). 50. Lateral flange of the urostyle. In some species, the urostyle lacks lateral flanges (0; e.g. B. margaritifer; Fig. 9D ). However, in other taxa, lateral flanges are present (1; e.g. B. valliceps; Fig. 9F ) and in others (e.g. unique to bufonids; for phylogenetic analyses, the presence of this structure was coded from their publication. The function of these organs is unknown. Inguinal fat bodies absent (0); present (1). 80. Two-toned coloration. Some members of the B. guttatus and B. margaritifer groups have distinctive cryptic two-toned ('dead-leaf ') coloration of tan on the dorsum and dark brown laterally and on the fore and hind limbs. Two-toned coloration present (0); absent (1). 81. Row of lateral tubercles on skin. Several species of bufonids have a distinct series of enlarged, lateral tubercles. The tubercles form a distinctive row that initiates near the posterolateral margin of the parotoid gland and continues in a descending row until they reach the mid-region of the flank where they become indistinct. Lateral tubercles absent (0); present (1). 82. Tibia gland. Enlarged glands on the hind limbs are rare among Bufo. However, they are present in a few species examined. Gland on skin overlying tibia absent (0); present (1). 83. Fibula gland. Gland on skin overlying fibula absent (0); present (1).
